I. INTRODUCTION
Metamaterials are artificially structured metallo-dielectric composites especially engineered to interact with electromagnetic waves so as to control their propagation characteristics. Generally incorporating concentric circular split-ring resonators (SRR), such materials can exhibit electric permittivity and magnetic permeability simultaneously negative. According to the peculiar properties of the metallic inclusions in the metamaterial unit cell, a periodic structure formed by concentric rings can be used to allow for wave propagation inside miniaturized waveguide operating below cutoff [1] - [2] . There are several papers in the literature describing the various aspects of the SRR structures and metamaterial research [3] - [24] , where electromagnetic resonance properties have been studied both theoretically and experimentally.
Extending our previous work [21] , the present paper describes experiments that examine the wave propagation through a X-band waveguide loaded with an array of six rings with linearly varying diameters (gradient), showing its transmission and reflection spectra and how this structure compares to a uniform array of six 9-mm-diameter rings. In addition to a discussion of the phases of the Sparameters, measured transmission bands are compared for the uniform and gradient arrays and with those obtained from full-wave electromagnetic simulation.
II. DESIGN AND CONSTRUCTION OF THE NONUNIFORM SPLIT-RING RESONATOR
The array under investigation is not a periodic structure, as illustrated on the left of Fig. 1 . It consists of six pairs of concentric rings of varying diameters. The rings are made of copper (thickness = 37 m) printed on a kapton substrate of relative dielectric constant ε = 3.2 and thickness t = 1.6 mm.
The other geometric parameters are: the spacing between the inner and outer ring d = 0.75 mm, ring width w = 0.80 mm, and the ring gap g = 1.00 mm. The inner ring radius r varies from 1.00 to 2.25 mm with steps of 0.25 mm, such that the smallest and the largest diameter are respectively 6.70 and 9.20 mm. The SRR dimensions were determined from design formulas [1] so that the resonant wavelength at 4.40 GHz (68.20 mm) is much larger than the diameter of the largest ring (9.20 mm).
The rings act as a distributed capacitance C 0 in the equivalent circuit shown in Fig. 2 , where L is the mutual inductance of the ring and C g the capacitance of the slit (gap) between the rings. To better guide the objectives of our study, the gradient array with six different split rings of varying diameters can be separated in two configurations: (a) increasing diameter-ring array, (b) decreasing diameter-ring array, to be used for the purpose of experimental comparison with (c) constant-diameter array, as depicted in Fig. 3 . Each sample is placed inside a waveguide so as to obtain the corresponding forward and backward transmission scattering parameters S 12 and S 21 and the forward and backward reflection scattering parameters S 11 and S 22 , which are measured at the waveguide ports 1 (input) and 2 (output) of the waveguide.
Inserted in the waveguide, the split-ring array can produce negative permittivity when the operation frequency is below the cutoff frequency of the dominant mode in the empty waveguide. In addition, negative magnetic permeability is obtained from the interaction between the transverse magnetic field component and the SRRs, yielding a magnetic response from these resonators thus providing a passband, often called left-handed transmission band. 
III. EXPERIMENTAL ARRANGEMENT AND EXPERIMENTS
Experiments were implemented by loading a rectangular X-band waveguide with an array of split-ring resonators (Fig. 4) to investigate the effect on transmission and reflection bands.
The array is placed on the symmetry plane of a standard WR90 waveguide of 22.86 x 10.16 mm 2 cross sectional area and cutoff frequency of 6.55 GHz. The experimental setup is displayed in Fig. 5 , where the waveguide with split-ring array is symmetrically connected on both ends to identical X-band waveguide-to-coaxial adapters, which are used to excite and detect the signal propagating through the combined waveguide-SRRs medium.
In order to facilitate the excitation of the SRR array, the first and the last unit cells in the array were partially placed out of the host rectangular waveguide. An Agilent N5230C vector network analyzer is used to measure the S 12 and S 21 transmission and also S 11 and S 22 reflection coefficients through the loaded waveguide, as well as to collect all the experimental data. Moreover, the magnitudes of reflection and transmission scattering parameters of the empty waveguide are measured so that the unloaded waveguide response is obtained, allowing us to compare the scattering parameters of different arrays.
A commercial 3D electromagnetic simulator -CST microwave studio [25] was used to simulate S-parameters of metamaterial cells. We used the following mesh parameters in our simulations: a) mesh type: hexagonal, b) cell per wavelength =10, and c) cells per maximum model box edge = 10 (a total of maximum 11,500 cells). Finally, the four scattering parameters for the constant-diameter ring array (uniform array) are presented in Fig. 9 , where the transmission and reflection parameters are practically similar, not taking into account the occurrences above the X-band and in the floor noise range (< 3.0 GHz and below -75 dB). In this case, the structure is symmetric in the forward and backward propagation directions.
Analyzing the transmission spectrum of the uniform and gradient arrays as illustrated in Figs. 10 (a) and (b), respectively, the first one has a first passband centered around 3.22 GHz, which corresponds to the magnetic response, a value well below the 6.55 GHz cutoff frequency, thus featuring a negative-refractive-index material [1, 2] . The second band with six peaks corresponds to the electrical response, covering the range from 4.03 GHz to 7.90 GHz, by noting that the number of peaks corresponds to the number of resonators, analogous to a set of series coupled cavities. In the simulation plot the magnetic transmission peak at 3.50 GHz is almost coincident as well as the deep around 8.50 GHz, in relation to experimental results, while the electric band is somewhat wider.
In contrast to the uniform array, the gradient structure distinguishes itself by the presence of a wider transmission band [20] below the cutoff frequency of the empty waveguide, a band that extends from Fig. 10 (a) . The simulated graph (blue curve) confirms the peaks (red arrows) at 4.50 and 5.20 GHz which must correspond to the magnetic response. Furthermore, the transmission bands of gradient and uniform structures are compared with the respective simulation models by using the CST Microwave Studio with relative consistency, occurring a small offset to the left on the simulated arrays in both cases, as shown in Fig. 10 (a and b) . Dissimilarities between measured and simulated curves are due to the simulation setup, which does not exactly reproduce the experimental arrangement. In addition to considering straight edge gaps, an oversized driven cavity instead of a coaxial probe was used to excite the waveguide. 
